Study Design: We retrieved a functioning ProDisc-L total disc replacement and associated tissues at 16 months of service life.
D
isc arthroplasty or total disc replacement (TDR) is a surgical option for discogenic pain that is gaining popularity in Europe and North America. Much is yet to be learned about the functional life of these implants, from implantation technical points to implant service life and expected modes of material wear. The ProDisc I (Aesculap AG & Co, Tuttlingen, Germany) TDR prosthesis was created in 1989 and implanted in 64 patients between March 1990 and September 1993. The ProDisc II (Fig. 1) consists of 2 cobalt chrome (CoCr) alloy endplates coated with titanium plasmapore bone ongrowth surfaces. An ultra-high molecular weight polyethylene (hereafter, polyethylene) core serves as a convex bearing surface for the superior, concave CoCr alloy endplate. A modular locking system secures the polyethylene core to the inferior endplate, leaving 2 moving parts. The endplates have central anchoring keels to provide immediate stability for bone ongrowth. This design was launched in the European market in December 1999. Although there are both cervical (ProDisc-C) and lumbar (ProDisc-L) versions of the ProDisc II in use in Europe, only the ProDisc-L has been approved by the US Food and Drug Administration (FDA) in August 2006 for single-level lumbar disc arthroplasty.
The only 2 lumbar TDR designs currently approved by the FDA incorporate a polyethylene core articulating against either 1 or 2 CoCr endplates. The first lumbar FDA-approved lumbar TDR was the CHARITÉ Artificial Disc (DePuy Spine, Raynham, MA). This device has a mobile polyethylene core that articulates against both the superior and inferior metal endplates. In the ProDisc-L, the polyethylene core is fixed to the distal metal endplate through a mechanical interference locking mechanism similar to those used in some tibial total knee components. As one of the authors (S.M.K.) reported, the clinical performance of polyethylene in the context of TDRs remains poorly understood. 1 Although there have been isolated case report explant analyses of lumbar TDRs [2] [3] [4] or cervical TDRs, 5 6 Furthermore, the histology of retrieved periprosthetic tissues from TDRs have only yet been reported for a small series of 4 patients implanted with the CHARITÉ TDR. 4 We were given the opportunity to retrieve a functioning ProDisc-L TDR and associated peri-implant tissues at 16 months of service life. The purpose of this report is to analyze a possible mode of malpositioning the implant, and to quantitatively analyze the wear mechanisms, polyethylene locking mechanism, and retrieved periprosthetic tissues around this novel implant. This case, to our knowledge, represents the third report of an explanted ProDisc-L prosthesis and the first reported case of posterior malpositioning with this device. Mathew et al 7 reported the first American case of explantation after anterior dislocation of the polyethylene core and superior migration of the upper endplate with bilateral pedicle fracture. Stieber and Donald 8 reported the second case of explantation, again after anterior dislocation of the polyethylene core causing vascular compression. However, most of the reported cases of ProDisc-L implantation in North America have reportedly been without complication. In fact, this represents the only case of ProDisc-L explantation in the authors' clinical experience to date. We report the case of a woman who underwent single-level ProDisc-L implantation with continued pain who eventually came under our care. She was found to have a posteriorly malpositioned implant causing significant spinal canal stenosis and demonstrating radiographic instability.
CASE REPORT
A 27-year-old woman underwent disc replacement with the ProDisc-L prosthesis for unremitting low back pain while living outside of the continental United States. She reported that she had worsening low back pain postoperatively, and now had significant bilateral posterior thigh pain. She remained hospitalized for 2 weeks after the procedure, having regular follow-up with her surgeon for the next 6 months. Still complaining of severe back pain and bilateral posterior thigh and leg pain in S1 distributions, she was eventually evaluated in our clinic at approximately 11 months postoperatively. On examination, the patient stood erect but could not flex her spine without pain.
She had a positive straight leg raise sign bilaterally and had decreased sensation in both posterior thighs and plantar feet. (Fig. 6 ). At 14 months postoperatively, the patient's symptoms had not abated and she opted for removal of the implant and anterior lumbar interbody fusion. This was performed through a transperitoneal approach complicated by 3 incidental venotomies requiring vascular surgery repair. On removal, the polyethylene core was still well FIGURE 2. Standing anterio-posterior (A) and lateral (B) radiographs 11 months after implantation, when the patient first presented to the author (T.J.C.). Note that the inferior implant endplate overhangs the S1 body and seems to encroach into the spinal canal. fixed to the inferior implant. A polyetheretherketone (PEEK) interbody spacer was filled with a recombinant human bone morphogenetic protein-2 (RhBMP-2) sponge and an anterior plate fixed the segment. Six months later, the patient had an apparently solid arthrodesis (Fig. 7) but still complained of low back pain. She no longer had S1 tension signs, and plantar sensation was normal.
RETRIEVAL ANALYSIS
The retrieved components were first ultrasonically cleaned in soap and deionized water, rinsed, and sterilized using a 10% Clorox solution. After cleaning, the polyethylene core was disarticulated from the inferior endplate by carefully machining away 1 of the lateral metallic grooves that served to retain it in place. The metal machining was destructive to the endplate, but not to the polyethylene core. The core was evaluated for the presence of polyethylene damage modes, including burnishing, fracture, third-body abrasion, and permanent deformation. A never-implanted set of polyethylene and endplate components, of the identical size as the retrieval (12 mm, Size M), served as controls for the microscopic evaluation of wear. Although the control core was not from the same lot as the explants, it was obtained in its original, as-sterilized packaging. Both the explant and control were evaluated unsoaked at room temperature.
The analysis and interpretation of surface damage followed previously published guidelines. 2, 9 The explanted and control cores were examined nondestructively using optical and scanning electron microscopy to characterize the wear mechanisms at the bearing surface. Core height was measured with a calibrated digital micrometer ( ± 0.001 mm accuracy). The initial height of the retrieved core was not measured before implantation, and hence was unknown. However, we found no significant difference between the height of the control and the retrieved implant (t test; P>0.05). These findings are consistent with the macroscopic appearance of the retrieved core, which also suggested minimal damage to the articulating surface.
Overall, we found evidence of burnishing on the dome of the core, as well as burnishing of the anterior rim of the core, and in regions of the backside of the core. Burnishing at the dome was consistent with adhesive abrasive wear mechanism (Fig. 8 ) characteristic of total hip replacements, and also observed at the dome of TDR's with a mobile polyethylene core. 1 The burnishing of the anterior rim was also accompanied by localized, mild plastic deformation, consistent with impingement by the superior endplate (Fig. 9) , and supported by clinical radiologic findings (eg, Fig. 3A) . The locking mechanism on the superior surface of the core was intact, and both the machining marks and manufacturer's labeling were clearly evident. Other than burnishing, we found no evidence of other polyethylene damage mechanisms, such as pitting, delamination, or fracture.
Polyethylene oxidation index was characterized through the thickness (not simply at the surface) near the dome and the locking mechanism using Fourier transform infrared spectroscopy in accordance with ASTM F2022. Thin sections (200 um) of the explanted and control polyethylene cores were prepared using a sledge microtome. The microtomed section from the retrieval was boiled in heptane for 6 hours to extract any lipids that may have been absorbed in vivo. 2 The oxidation indices of the explant and the control were negligible (oxidation indicesr0.1) both at the dome and at the locking mechanism.
The extent of bone ongrowth for the retrieved CoCr endplates was evaluated using a semiquantitative score on a 0 to 3 scale 10 ( Fig. 10 ). The superior endplate had evidence of 10% to 50% of bone ongrowth (a score of 2), and the inferior endplate displayed <10% of bone ongrowth (a score of 1). We observed no damage (other than iatrogenic) to the metallic endplate surfaces that were in contact with polyethylene. We also saw no evidence of metal-on-metal impingement between the metallic endplates.
ANALYSIS OF RETRIEVED PERIPROSTHETIC TISSUE
Two tissue samples were collected from a region adjacent to the failed ProDisc-L implant. Samples were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin and sectioned (6 mm) for histologic analysis. Paraffin sections were dewaxed, rehydrated, and stained with Harris hematoxylin (Fisher Scientific, Kalamazoo, MI; 245-678) and Eosin Y (Fisher Scientific, Kalamazoo, MI; 245-827) and Wright's Giemsa (Protocol cat no.: 264-984) to evaluate tissue morphology and inflammation, respectively. Hematoxylin and eosin-stained tissue sections were also evaluated for the presence of polyethylene debris by polarized light microscopy.
High magnification images showed morphologic characteristics that were indicative of an early tissue response. Several regions contained small dense groupings of fibroblasts and blood vessels (Fig. 11) . The presence of fibrocartilage was also noted in several fields. No inflammatory cells were observed in any of the Giemsa-stained tissue samples indicating the absence of infection or tissue response to the implant material (Fig. 12 ).
To assess qualitative particle load, slides were analyzed by polarized light microscopy. A bright-field image and a corresponding polarized image were acquired for each tissue sample. Slides viewed with a polarizing lens indicated isolated regions of birefringent polyethylene particles. Several regions showed particles with a size range that approached 1 mm; the majority of the observed particle birefringence was limited to a few particles per region (Fig. 13) . The tissue in these regions was more disorganized and showed evidence of early cell degeneration. We were not able to accurately detect particles in the submicron range and thus, cannot rule out their presence.
Tissue samples were scanned with microCT using uCT40 scanner (SCANCO Medical AG, Bassersdorf, Switzerland) to evaluate the presence of third-body debris. Scans revealed scattered bone fragments and/or calcified tissue and small metal granules. Metal was distinguished from bony fragments on the basis of a higher relative density.
DISCUSSION AND CONCLUSIONS
Implant position has been arguably more important to clinical success for large joint arthroplasties than for arthrodeses. There is every reason to expect the same to be true for spinal arthroplasties. As this surgical option continues to gain popularity our understanding of potential pitfalls, such as malpositioning, will continue to grow. It will remain incumbent on spinal arthroplasty surgeons to collect and report on such cases, and as important, we must continue to learn from explant analysis. Retrieval analysis will remain one of our most potent forces for progress.
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This is the first reported case of posterior malpositioning of the implant of which we are aware. The major surgical error seems to have been cutting the inferior endplate trough too far posteriorly. It points out a real problem when facing revision of the implant: removal instruments have been fabricated that are designed to insinuate between the device endplate and the vertebral body and ''lock'' around the implant keel. This requires further encroachment into the spinal canal, however, if the device is malpositioned posteriorly, as in this case. The most useful instrument in this case was a Cobb elevator used to pry the superior implant away from the vertebral body and dislodge it ventrally. This provided access to the caudal implant.
We found evidence of minimal wear, oxidation, and periprosthetic tissue reaction, which is not surprising given the short-term duration of implantation and its reason for revision. However, this case does demonstrate that the adhesive-abrasive mechanism seems to be similar to total hip replacements as well as to another metal-onpolyethylene TDR design. In contrast with the CHAR-ITÉ design, the polyethylene core in the ProDisc-L is fixed to the inferior endplate by a locking mechanism. We found no evidence to suggest malfunctioning or improper deployment of the locking mechanism in this case.
This case also demonstrates impingement of the superior endplate on the anterior rim of the core, secondary to posterior malpositioning of the prosthesis. This short-term impingement, which is not intended for this design during normal positioning, resulted in localized burnishing and plastic deformation. Analysis of 21 mobile cores from the CHARITÉ design after an average of 7.8 years of implantation has shown damage ranging from burnishing to plastic deformation and, in 11 of 21 cases, transverse and radial fractures of the polyethylene core. 1 The relevance of these previous longterm retrieval findings to the ProDisc-L is not known at the present time. Evidence of dome burnishing, as well as rim impingement, has also been noted in a recent conference poster summarizing a small collection of short-term implanted ProDisc prostheses. 6 The authors are unaware of the previous reports documenting transverse or radial fracture of the polyethylene in the ProDisc-L. A much larger series of explanted ProDisc-L prostheses will be necessary to further compare the prevalence and severity of damage modes, both at the dome and the rim, with other metal-on-polyethylene designs, such as the CHARITÉ .
Histologic examination of tissue removed from the periprosthetic region showed an early response to the ProDisc-L implant. Some areas of the tissue matrix were disorganized and showed evidence of early cell degeneration. Some of these areas contained polyethylene particles identified by polarized light microscopy. A few avascular regions showed fibrocartilage formation. In addition, calcification of the fibrocartilage and bone formation was observed by microCT. There was, however, a complete absence of inflammatory cell infiltration in areas where polyethylene particles were observed. This may be due to the size (B1 mm) and/or the low numbers of particles. Analysis of periprosthetic tissue from additional, longerterm implant retrievals of this design will be needed to evaluate the biologic response to increased particle generation.
